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SLIP IN BEAMS PRESTRESSED WITH 
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Institute of Transport Science 8 Technology 
Abstract. In this paper, a computing method for the tendon slip based on the force equilibrium 
condition at deviators was proposed. The proposed method for the evaluation of tendon slip was 
presented in a general form by taking into account all possibilities of tendon slip at deviators, and 
several factors found to be important that affect the tendon slip, such as effects of the slippage at two 
adjacent deviators, friction, change of tendon angles during the applied load, etc. The validation of 
the proposed method was verified by comparing with the experimental results. The predicted results 
showed a close agreement with the experimental observation. 
1. INTRODUCTION 
The benefit of using the external prestressing had already been proved not only the 
strengthening of the existing bridges, but also the construction of new bridges. This 
indicates by a huge number of bridge constructions that have been built by using the 
external prestressing technique over the world in recent years. The world-wide spread 
of external prestressing leads to the results of ease construction, time-saving and cost-
effective bridges thanks to its inherited characteristics from the early days of prestressing 
development. However, as the external tendons are unbonded with concrete beams except 
having contact at the deviator points, the stress variation in the external tendons under 
.the applied load depends totally on the deformation of whole member rather than that 
of particular section itself. Moreover, the stress variation in the external tendons also 
depends_ on the extent of fixation of the external tendons at deviators, i.e., it depends on 
the fricd~nal resistance that exists normally at the contact points between the external 
tendons and concrete beam. Due to the frictional resistance at deviators, the stress increase 
in each tendon segment under the applied load will have the effects from one to another 
between tendon segments. Consequently, it will have the effects on the overall behavior of 
beam, including the deflection, as well as the ultimate strength of beams. 
When beams with deviated tendon profile are subjected to bending, the tensile force in 
each tendon segment might be different because of the frictional resistance at the deviators. 
However, when the frictional resistance at a particular deviator is less than the unbalanced 
force at that deviator, the slip will occur and will continuously occur until the force 
equilibrium condition at that deviator is achieved to establish a new balanced structural 
state of tensile forces in the tendon. That is the redistributiqn of tensile forces between 
two successive tendon segments will happen through the slippage. Due to the slippage, the 
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f r i c t i o n a l  r e s i s t a n c e  r e d u c e s  s i g n i f i c a n t l y  a s  t h e  a p p l i e d  l o a d  r e a c h e s  c l o s e l y  t h e  u l t i m a t e  
s t a g e .  A s  a  r e s u l t ,  t h e  d i f f e r e n c e  i n  t e n s i l e  f o r c e  b e t w e e n  t w o  s u c c e s s i v e  t e n d o n  s e g m e n t s  
a t  u l t i m a t e  m i g h t  b e  r a t h e r  s m a l l ,  a n d  i n  s o m e  c a s e s  t h e  s t r e s s  i n  t h e  e x t e r n a l  t e n d o n s  
c o u l d  b e  c o n s i d e r e d  t o  d i s t r i b u t e  u n i f o r m l y  o v e r  t h e  e n t i r e  l e n g t h  o f  t e n d o n s .  
A l t h o u g h  a  l a r g e  n u m b e r  o f  s t u d i e s  o n  t h e  b e h a v i o r  o f  e x t e r n a l l y  p r e s t r e s s e d  c o n c r e t e  
b e a m s  w e r e  c a r r i e d  o u t  i n  t h e  p a s t ,  m o s t  o f  t h e m  d i d  n o t  c o n s i d e r  t h e  s l i p  a t  t h e  d e v i a t o r s .  
V i r l o g e u x  [ l ]  w a s  t h e  f i r s t  a u t h o r ,  w h o  t o o k  t h e  s l i p  i n t o  a c c o u n t  i n  h i s  m e t h o d  o f  a n a l y s i s  
o n  t h e  b a s i s  o f  C o r l e y ' s  f o r m u l a t i o n  f o r  c a l c u l a t i o n  o f  t h e  f r i c t i o n a l  e f f e c t s .  L a t e r ,  s e v e r a l  
r e s e a r c h e r s ,  f o r  i n s t a n c e  [ 2 ] ,  [ 3 ] ,  [ 4 ]  a n d  r e c e n t l y  [ 5 ]  t o o k  t h e  s l i p  a t  d e v i a t o r s  i n t o  a c c o u n t  
i n  t h e i r  m e t h o d s  o f  a n a l y s i s .  I n  t h e i r  m e t h o d s  o f  a n a l y s i s ,  w h i l e  s o m e  o f  t h e m  c o n s i d e r e d  
t h e  e f f e c t s  o f  s l i p  a t  t w o  a d j a c e n t  d e v i a t o r s  i n  t h e  s l i p p i n g  z o n e ,  t h e  o t h e r s  d e a l t  o n l y  w i t h  
b e a m s  h a v i n g  s y m m e t r i c a l  a r r a n g e m e n t  o f  d e v i a t o r s  f r o m  t h e  m i d s p a n  a n d  t h e  s y m m e t -
r i c a l  l o a d i n g  c o n d i t i o n .  E v e n  t h o u g h  d e d i c a t e d  e f f o r t s  f o r  t h e  c o m p u t a t i o n a l  m e t h o d  o f  
t e n d o n  s l i p  a t  t h e  d e v i a t o r s  h a d  b e e n  m a d e  i n  t h e  l i m i t e d  r e s e a r c h  w o r k s ,  t h e  e f f e c t  o f  
s l i p  o n  t h e  b e h a v i o r  o f  b e a m s  p r e s t r e s s e d  w i t h  e x t e r n a l  t e n d o n s  s t i l l  n e e d s  t o  b e  c l e a r l y  
u n d e r s t o o d  i n  t h e  d e p t h  b y  m e a n s  o f  n o t  o n l y  t h e  e x p e r i m e n t a l  o b s e r v a t i o n ,  b u t  a l s o  o f  
t h e  a n a l y t i c a l  i n v e s t i g a t i o n .  T h i s  s t u d y  i s  o n e  o f  t h e  c o n t i n u o u s  e f f o r t s  t o  p r o p o s e  a  n e w  
c o m p u t i n g  m e t h o d  f o r  p r e d i c t i o n  o f  l o a d i n g - i n d u c e d  t e n d o n  s l i p  a t  d e v i a t o r s  i n  b e a m s  p r e -
s t r e s s e d  w i t h  e x t e r n a l  t e n d o n s .  T h e  v a l i d a t i o n  o f  t h e  p r o p o s e d  m e t h o d  t h a t  w a s  v e r i f i e d  
b y  c o m p a r i n g  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s ,  s h o w e d  t h e  f i t n e s s  o f  t h e  p r o p o s e d  m e t h o d .  
2 .  L I T E R A T U R E  R E V I E W  
H e r e i n ,  o n l y  t h e  r e l e v a n t  m o d e l s  t o  t h e  c u r r e n t  r e s e a r c h  w e r e  b r i e f l y  r e v i e w e d  i n  o r d e r  
t o  h a v e  a  g e n e r a l  v i e w  o f  t h e  c o m p u t i n g  m e t h o d s  f o r  t h e  t e n d o n  s l i p .  
V i r l o g u e x  [ l ]  w a s  o n e  o f  t h e  e a r l i e r  a u t h o r s ,  w h o  t o o k  s l i p  i n t o  a c c o u n t  b y  u s i n g  
C o r l e y ' s  f o r m u l a t i o n  f o r  t h e  c a l c u l a t i o n  o f  f r i c t i o n  l o s s e s  i n  t h e  t e n d o n s  h a v i n g  c o n t i n u o u s  
c o n t a c t  w i t h  t h e  c o n c r e t e  a l o n g  i t s  l e n g t h .  F o r  t h e  a u t h o r ' s  m o d e l ,  t h e  m a i n  r e s t r i c t i o n  
f o r  t h e  t e n d o n  s l i p  w a s  p r e s e n t e d  a s  f o l l o w s  
F e - ( µ ! : : . a i + ¢ ! : : . x i )  <  p  <  F e ( µ ! : : . a ; + ¢ ! : : . x i )  
I  _  1 + 1  - I  
( 2 . 1 )  
w h e r e  F i ,  F i + l  a r e  t h e  t e n d o n  f o r c e s  i n  s e g m e n t s  ( i )  a n d  ( i + l ) ,  r e s p e c t i v e l y ;  . 6 . a i  i s  t h e  
a n g u l a r  v a r i a t i o n ;  . 6 . x i  i s  t h e  l e n g t h  o f  d e v i a t i o n  b l o c k ;  µ  a n d  < / >  a r e  t h e  f r i c t i o n  c o e f f i c i e n t  
a n d  t h e  w o b b l e  c o e f f i c i e n t  p e r  u n i t  l e n g t h  o f  t e n d o n ,  r e s p e c t i v e l y .  
I f  t h e s e  r e l a t i o n s  a r e  s a t i s f i e d  a t  a n y  d e v i a t o r ,  t h e r e  i s  n o  s l i p  a t  t h i s  d e v i a t o r .  O t h e r -
w i s e ,  i f  t h e s e  r e l a t i o n s  a r e  n o t  r e s p e c t e d  f o r  a  s i n g l e  d e v i a t o r ,  t h e  t e n d o n  w i l l  s l i p  a t  t h i s  
d e v i a t o r  f r o m  t h e  l e f t  t o  t h e  r i g h t - h a n d  s i d e ,  i f  t h i s  c o n d i t i o n  i s  s a t i s f i e d :  
F i + l  >  F i e [ µ t : : . a , + ¢ ! : : . x ; ]  
( 2 . 2 )  
a n d  f r o m  t h e  r i g h t  t o  t h e  l e f t - h a n d  s i d e ,  i f  t h i s  c o n d i t i o n  i s  s a t i s f i e d :  
F i + l  <  F i e ( µ ! : : . a i + ¢ 6 . x ; )  
( 2 . 3 )  
I f  g i ,  k i  a r e  d e n o t e d  a s  t h e  a m o u n t  o f  t e n d o n  s l i p  a n d  t h e  c o e f f i c i e n t  o f  s l i p p i n g  d i r e c t i o n  
a t  d e v i a t o r  (  i ) ,  r e s p e < ; t i v e l y .  D e p e n d i n g  o n  t h e  s l i p p i n g  d i r e c t i o n ,  t h e  c o e f f i c i e n t  o f  k i  m a y  
h a v e  a  v a l u e  ( - 1 )  o r  (  +  1 )  a n d  a f t e r  s l i p p i n g ,  t h e  e q u i l i b r i u m  c o n d i t i o n  s h o u l d  b e  s a t i s f i e d  
t h e  f o l l o w i n g  e q u a t i o n :  
F i + l  ( g i )  =  F i ( g i ) e k i ( µ ! : : . a i + < P ! : : . x i )  
( 2 . 4 )  
~, 
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ml1DrD 'flo(o:) , P. 1 l(OJ ~fp fhe tensile forces in tendon Segments (z) and (i+ l ) after the slip 
with the amount of 9i, respectively. 
Tn the general case of several simultaneous slips, the tendon slip can be determined as 
follows 
[D]{6g} = {P} (2.5) 
where [DJ is the stiffness matrix of slip; { 6 g} is the vector of tendon slip; { F} is the vector 
of the tensile forces in the tendons. 
Later, Ariyawardena and Ghali [5] used t he same condition in Eq. (2.1) for the eval-
uation of tendon slip at deviators. Due to the slip, the forces in the tendon segments of 
the other side of deviator are adjusted to the tensile forces in each tendon segment before 
the slip: 
(2.6) 
Ff+1 = Ff eki(µ!:-::.ai +</>!:::.xi) 
where Fi, Fi+1 and Ff, Ff+1 are the tensile forces in segments (i) and (i + 1) , respectively 
just before and after the slip at deviators; Aps and Eps are the area and the elastic modulus 
of tendon; l i, li+l are the length of tendon segments (i) and (i+l), respectively; 9i is the 
amount of tendon slip at deviator ( i). 
By solving Eq. (2.6), the trial values of gi, the tensile forces after slip can be obtained 
by using the Newton-Raphson iterative techniques to eliminate the out-of balance forces. 
The total slip at the deviator can be determined by the sum of slip, 9i calculated at each 
iteration cycle. 
Rezende-Martins et al. [2] and Kawamura and Ohura [3] performed nonlinear analysis 
for externally prestressed beams considering slip at deviators. The basic idea for the 
tendon slip is conceptually the same as Virlogeux's idea. The only difference is that 
instead of using the tendon forees in the above formulation , the tendon stress has been 
used in their formulations. The effect of slip at two adjacent deviators was also taken into 
account . The formulation for calculation of the tendon slip can be expressed as follows 
(2 .7) 
The equilibrium condition after slip is expressed in terms of the tendon stress with 
consideration of the slipping direction ki was calculated as follows 
(ai + 1:-::.ai) = (ai- 1 + !:-::.ai- 1) ekiµt:.o.i (2 .8) 
The additional increments of tendon stress due to slip can be defined in the following 
equations: 
( . + E 9i+l - 9i) _ ( . + E 9i - 9i-1) k;µt:.o.; O"i ps l · - O"i-1 ps l · e 
i ·. i-1 
(2.9) 
A E 9i - ·gi- 1 
UO'i-1 = p~ l · 
. . i -1 
(2.10) 
where D"i-1, O'i are the tendon stresses in segments ( i-1) and ( i) before slip; correspondingly, 
!:-::.ai-1, 1:-::.0"i are the additional increments of tendon stress due to slip; .gi- l, 9i and 9i+l are 
the amounts of tendon slip at deviator ( i-1), deviator ( i) and deviator ( i+ 1), respectively. 
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F i n a l l y ,  t h e  e q u i l i b r i u m  c o n d i t i o n  a f t e r  t e n d o n  s l i p  c a n  b e  r e w r i t t e n  a s :  
(  
.  +  E  9 i + l  - 9 i )  _  (  .  +  E  9 i  - 9 i - 1 )  k i µ ! : ! . a i  
C T i  p s  { ·  - C T i - 1  p s  { ·  e  
i  i - 1  
( 2 . 1 1 )  
E  e k , µ l : ! . a ,  (  E  e k i µ l : ! . a ;  E  )  E  
p s  _  p s  p s  .  _ ! ! ! _  .  _  .  k ; µ l : ! . a i  _  .  
l  
9 i - 1  l ·  +  - [ - . - 9 i  +  l ·  9 i + l  - C T i - l e  C T i  
i - 1  i - 1  i  i  
A n d  E q .  ( 1 1 )  c a n  b e  w r i t t e n  i n  a  m a t r i x  f o r m  a s :  
[ A ] { c 5 g }  =  { B }  
( 2 . 1 2 )  
w h e r e  [ A ]  i s  t h e  s t i f f n e s s  m a t r i x  o f  t e n d o n  s l i p ;  { c 5 g }  i s  t h e  v e c t o r  o f  t e n d o n  s l i p ;  { B }  i s  
t h e  v e c t o r  o f  t e n d o n  s t r e s s .  
R a o  a n d  M a t h e w  [ 4 ]  d e v e l o p e d  a  p r o g r a m  f o r  n o n l i n e a r  a n a l y s i s  o f  e x t e r n a l l y  p r e -
s t r e s s e d  c o n c r e t e  b e a m s  w i t h  p o l y g o n a l - s h a p e d  t e n d o n  p r o f i l e .  I n  t h e  a u t h o r ' s  m e t h o d o l -
o g y ,  a l l  p o s s i b i l i t i e s  o f  t e n d o n  s l i p  a t  t h e  d e v i a t o r s  w e r e  t a k e n  i n t o  a c c o u n t ,  n a m e l y :  1 )  
s l i p ;  2 )  n o  s l i p ;  3 )  n o  s l i p  e a r l y ,  b u t  s l i p  o c c u r r i n g  l a t t e r ;  a n d  4 )  e a r l y  s l i p ,  b u t  n o  s l i p  
o c c u r r i n g  l a t t e r .  T h e  a u t h o r  p r o p o s e d  t h a t  a t  a n y  d e v i a t o r ,  a  s l i p  w o u l d  o c c u r  o n l y  i f  t h e  
u n b a l a n c e d  f o r c e  e x c e e d s  t h e  f r i c t i o n a l  f o r c e  a t  t h a t  d e v i a t o r .  T h e  u n b a l a n c e d  f o r c e  c a n  
b e  w r i t t e n  a s  t h e  s u m  o f  t h e  f r i c t i o n a l  f o r c e  a n d  t h e  a d d i t i o n a l  f o r c e  t h a t  c a u s e d  t h e  s l i p  
a t  t h e  d e v i a t o r .  F o r  t h e  c a l c u l a t i o n  o f  t e n d o n  s l i p ,  t h e  a u t h o r s  p r o p o s e d  t h e  e q u a t i o n  a s  
f o l l o w s  
c 5 g i  =  [ µ i ( F i  +  F i + 1 )  s i n e i ]  (  l i  )  
c o s  e i  A p s E s p  
( 2 . 1 3 )  
w h e r e  A p s ,  E p s  a r e  t h e  a r e a  a n d  t h e  e l a s t i c  m o d u l u s  o f  p r e s t r e s s i n g  t e n d o n s ,  r e s p e c t i v e l y ;  
µ i  i s  t h e  f r i c t i o n  c o e f f i c i e n t  a t  d e v i a t o r  ( i ) ;  l i  i s  t h e  l e n g t h  o f  t e n d o n  s e g m e n t  ( i ) ;  e i  i s  
t h e  t e n d o n  a n g l e ;  F i ,  F i +
1  
a r e  t h e  t e n d o n  f o r c e s  a t  t h e  b o t h  s i d e s  o f  d e v i a t o r  (  i ) ;  t h e  
c o m p o n e n t  o f  µ i ( F i  +  F i + l )  s i n e i  i n  E q .  ( 2 . 1 3 )  a c c o u n t s  f o r  t h e  f r i c t i o n a l  f o r c e  a t  d e v i a t o r  
( i ) .  
I t  c a n  b e  s e e n  t h a t  E q .  ( 2 . 1 3 )  s e e m s  t o  b e  v e r y  s i m p l e .  H o w e v e r ,  i t  d i d  n o t  c o n s i d e r  
t h e  e f f e c t  o f  s l i p  a t  t w o  a d j a c e n t  d e v i a t o r s .  T h e  a d d i t i o n a l  f o r c e ,  w h i c h  c a u s e s  s l i p  a t  
a  p a r t i c u l a r  d e v i a t o r ,  w a s  a s s u m e d  t o  b e  e q u a l  t o  t h e  c o m p o n e n t  o f  f r i c t i o n a l  r e s i s t a n c e  
a t  t h a t  d e v i a t o r ,  i . e . ,  t h e  a c t u a l  f r i c t i o n  f o r c e s  b e f o r e  s l i p  w e r e  n o t  s e p a r a t e d  d u r i n g  t h e  
c a l c u l a t i o n  o f  t h e  t e n d o n  s l i p .  I n  a d d i t i o n ,  t h e  p r o p o s e d  m e t h o d  f o r  c a l c u l a t i o n  o f  t h e  
t e n d o n  s l i p  d e a l s  o n l y  w i t h  t h e  b e a m s  h a v i n g  s y m m e t r i c a l  a r r a n g e m e n t  o f  d e v i a t o r s  f r o m  
t h e  m i d s p a n  a n d  t h e  s y m m e t r i c a l  l o a d i n g  c o n d i t i o n .  
3 .  P R O P O S E D  M E T H O D  F O R  C O M - P U T I N G  T E N D O N  S L I P  
3 . 1 .  F o r c e  e q u i l i b r i u m  a t  d e v i a t o r s  
F i g u r e  1  s h o w s  t h a t  F i ,  F i + l  a r e  t h e  t e n s i l e  f o r c e s  i n  t h e  t e n d o n  s e g m e n t s  (  i )  a n d  
(  i +  1 )  a t  d e v i a t o r  (  i ) .  C o r r e s p o n d i n g l y ,  e i ,  B i + l  a r e  t h e  t e n d o n  a n g l e s ,  r e s p e c t i v e l y .  T h u s ,  
t h e  f o r c e  e q u i l i b r i u m  i n  t h e  X  d i r e c t i o n  c a n  b e  e x p r e s s e d  a s  f o l l o w s  
F i  c o s  e i  +  (  - l ) k i  µ i  ( F i  s i n  e i  +  F i + l  s i n  e i + 1 )  =  F i + l  c o s  e i + l  ( 3 . 1 )  
w h e r e  t h e  c o e f f i c i e n t  k i  d e p e n d s  o n  t h e  s l i p p i n g  d i r e c t i o n ,  a n d  h a s  a  v a l u e  k i =  1  i f  
F i  c o s  B i  >  F i + l  c o s  e i + l  a n d  k i =  2  i f  F i  c o s  B i  <  F i + 1  c o s  e i + 1 ;  µ i  i s  t h e  f r i c t i o n  c o e f f i -
c i e n t  a t  d e v i a t o r  (  i ) .  
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Eq. (3.1) can be rewritten in terms of the increments of tensile forces as follows: 
6.Fi cos ei + ( -1 )ki µi ( 6.Fi sin ei + f::i.Fi+i sin Bi+l) = 6.Fi+1 cos Bi+1 (3 .2) 
where 6.Fi , 6.Fi+1 are the increments of tensile forces of tendon at the both sides of the 
deviator . 
y 
x 
µJ~ k 1 =I 
µ,P; k, = 2 
-- - -
Fig. 1. Force equilibrium at a deviator Fig. 2. Equilibrium condition at the slipping zone 
3.2. Criteria for tendon slip 
It is important to note that the tendon slip is not reversible [2] . This means that 
once the tendon slip occurs at deviator ( i), for example from deviator ( i) toward deviator 
'( i + 1), the slip will continuously occur following this direction until no further slip at this 
deviator occurs. The change in the direction of the tendon slip will never take place. Any 
slip that already occurred at any deviator would not reverse, even if the beam was totally 
unloaded [l]. This was verified by the tested results of box girder beams with external 
tendons [6]. 
From Eq. (3.2), the force equilibrium at the deviator can be again rearranged as: 
6.F<lvi = 6.Ffri (3 .3) 
where 6.Fdvi , 6.Ffri are called as the increment of the unbalanced force or the driving force 
and the increment of the friction force at deviator (i), respectively. They are defined as 
follows: 
6.F<lvi = 6.Fi+I cos ei+l - 6.Fi cos ei, 
6.Ffri = (-l)kiµi(f::i.Fi sinei + 6.Fi+I sinBi+1) 
If the increment of the driving force is not equal to zero (6.Fdvi #0), Eq. (3.3) can be 
t hen written as: 
(3.4) 
Now, at any loading stage, there are three possibilities: 1) if>-> 1, i.e., the increment 
of the friction force is greater than the increment of the driving force, the slip cannot 
occur; 2) if .\=l i. e., the increment of the friction force is equal to the increment of the 
driving force, leading to the force equilibrium condition at a deviator; and 3) if>. < 1, i.e ., 
t he increment of t he friction force is less than the increment of the driving force, the slip 
will occur. 
From the above condition, at any deviator, the tendon slip will occur only if the 
increment of t he friction force is less than the increment of the driving force. It should 
2 1 2  
B u i  K h a c  D i e p  a n d  L a m  H u u  Q u a n g  
b e  n o t e d  t h a t  t h e  i n c r e m e n t  o f  t h e  f r i c t i o n  f o r c e  a n d  t h e  i n c r e m e n t  o f  t h e  d r i v i n g  f o r c e  
s h o u l d  . b e  a b s o l u t e  v a l u e s .  
3 . 3 .  P r o p o s e d  m e t h o d  f o r  t e n d o n  s l i p  
A t  a n y  l o a d i n g  s t a g e ,  w h e n  t h e  s l i p  o c c u r s  a t  a  p a r t i c u l a r  d e v i a t o r ,  L e . ,  ) . .  <  1 ,  t h e  
s l i p  w i l l  o c c u r  c o n t i n u o u s l y  u n t i l  t h e  f o r c e  e q u i l i b r i u m  a t  t h a t  d e v i a t o r  a f t e r  t h e  s l i p  i s  
a c h i e v e d .  T h e  r e d i s t r i b u t i o n  o f  t h e  t e n d o n  f o r c e s  o n  t h e  b o t h  s i d e s  o f  t h e  d e v i a t o r  i s  
a l l o w e d  t h r o u g h  t h e  s l i p p a g e .  A n  a m o u n t  o f  t h e  s l i p  a t  a  p a r t i c u l a r  d e v i a t o r  d e p e n d s  
n o t  o n l y  o n  t h e  a d d i t i o n a l  f o r c e  o f  t h i s  d e v i a t o r ,  b u t  a l s o  o n  t h e  a d d i t i o n a l  f o r c e s  o f  t w o  
a d j a c e n t  d e v i a t o r s ,  i . e . ,  o n e  i s  f r o m  t h e  l e f t - h a n d  s i d e  a n d  t h e  o t h e r  i s  f r o m  t h e  r i g h t - h a n d  
s i d e .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  a d d i t i o n a l  f o r c e  i s  c o n s i d e r e d  t o  b e  a  f o r c e  t h a t  c a u s e s  a  
s l i p  a t  a  p a r t i c u l a r  d e v i a t o r  a t  a n y  l o a d i n g  s t a g e .  N o t e  t h a t  6 . . F i ,  6 . . F i + 1  a n d  6 . . F f ,  6 . . F f +
1  
a r e  d e n o t e d  a s  t h e  i n c r e m e n t s  o f  t e n d o n  f o r c e s  a t  t h e  e i t h e r  s i d e  o f  d e v i a t o r  j u s t  b e f o r e  a n d  
a f t e r  t h e  s l i p ,  r e s p e c t i v e l y .  T h e  i n c r e m e n t s  o f  t h e  t e n d o n  f o r c e  a f t e r  t h e  s l i p  a r e  a s s u m e d  
t o  b e  e q u a l  t o  t h e  s u m  o f  t h e  i n c r e m e n t  o f  t h e  t e n d o n  f o r c e  b e f o r e  t h e  s l i p  p l u s  o r  m i n u s  
t h e  a c t u a l l y  a d d i t i o n a l  f o r c e s  o f  6 . . F a d ,  w h i c h  c a u s e  t h e  s l i p  a t  t h e  d e v i a t o r s  ( s e e  F i g . 2 ) ,  
a n d  t h e s e  c a n  b e  e x p r e s s e d  a s  f o l l o w s :  
6 . . F f  =  .6 . . F i  +  ( - 1  ) k i  t : . F a d i  +  (  - 1  ) k i - l  t : . F a d i - 1  ( 3 . 5 )  
t : . F f + l  =  t : . F i + l  +  ( - 1  ) k ; + l  L l F a d i  +  ( - 1  ) k i + l  L l F a d i + l  ( 3 . 6 )  
T h e  s i g n  o f  t h e  a d d i t i o n a l  f o r c e  d e p e n d s  o n  t h e  s l i p p i n g  d i r e c t i o n ,  i . e . ,  i t  d e p e n d s  o n  
t h e  c o e f f i c i e n t  o f  k i ·  A f t e r  t h e  s l i p ,  a  n e w  b a l a n c e d  s t r u c t u r a l  s t a t e  w i l l  b e  e s t a b l i s h e d ,  
b e i n g  i n d e p e n d e n t  o f  a n y  s t i f f n e s s  c h a n g e  d u e  t o  m a t e r i a l  p l a s t i c i t y  o r  c r a c k i n g  a l o n g  t h e  
b e a m .  T h e r e f o r e ,  t h e  f o r c e  e q u i l i b r i u m  a t  t h e  d e v i a t o r  s h o u l d  b e  s a t i s f i e d ,  a n d  c a n  b e  
e x p r e s s e d  a s  f o l l o w s :  
6 . . F f  c o s  e i  +  (  - 1  ) k i  µ i  (  6 . . F f  s i n  e i  +  6 . . F f +
1  
s i n  B i + l )  =  6 . . F f + i  c o s  B i + 1  ( 3 .  7 )  
S u b s t i t u t i n g  E q .  ( 3 . 5 )  a n d  E q .  ( 3 . 6 )  i n t o  E q .  ( 3 . 7 ) ,  a f t e r  m a k i n g  s o m e  m a n i p u l a t i o n s ,  
t h e n  i t  c a n  b e  o b t a i n e d  a s  f o l l o w s  
A i i l F a d i - 1  +  B i t : . F a d i  +  C i i l F a d i + l  =  L l F d v i  - L l F j r i  
w h e r e  c o e f f i c i e n t s  o f  A i ,  B i  a n d  C i  a r e  d e f i n e d  a s  f o l l o w s :  
A  =  [  (  - 1  ) k i -
1  
( c o s  e i  +  (  - 1  ) k i  µ i  s i n  e i )  J  ,  
B i  =  [ µ i  ( s i n  e i  - s i n  e i + i )  +  ( - l ) k i  ( c o s  e i  + c o s  B i + 1 ) ]  ,  
C i  =  [  (  - 1  ) k ; + i  (  - c o s  B i + 1  +  ( - 1  ) k i  µ i  s i n  B i + 1 ) ]  
( 3 . 8 )  
F o r  a  s p e c i a l  c a s e ,  w h e n  t h e  t e n d o n  c a n n o t  s l i p  a t  t w o  a d j a c e n t  d e v i a t o r s ,  i . e . ,  t h e  
a d d i t i o n a l  f o r c e s  a t  t h e s e  d e v i a t o r s  a r e  e q u a l  t o  z e r o ,  ( 6 . . F a d i - 1  =  6 . . F a d i  +  1  = 0 ) ,  E q .  ( 3 . 8 )  
c a n  b e  r e w r i t t e n  a s  f o l l o w s :  
B i 6 . . F a d i  =  6 . . F d v i  - ~Ffri ( 3 . 9 )  
F o r  t h e  c a s e  w h e n  t h e  t e n d o n  c a n n o t  s l i p  a t  o n e  b e t w e e n  t w o  a d j a c e n t  d e v i a t o r s ,  t h e r e  
a r e  t w o  p o s s i b i l i t i e s .  F o r  t h e  f i r s t  c a s e ,  i f  t h e  t e n d o n  d i d  n o t  s l i p  a t  t h e  l e f t - h a n d  s i d e  
d e v i a t o r ,  t h e  a d d i t i o n a l  f o r c e  a t  t h i s  d e v i a t o r  i s  e q u a l  t o  z e r o ,  6 . . F a d i  _  1  =  0 .  F o r  t h e  
s e c o n d  c a s e ,  i f  t h e  t e n d o n  d i d  n o t  s l i p  a t  t h e  r i g h t - h a n d  s i d e  d e v i a t o r ,  t h e n  L l F a d i  +  1  =  0 .  
~ 
. (  
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Therefore, Eq. (3 .8) can be rewritten for t he two cases in Eq. (3 .1 0) and Eq. (3 .11) , 
respectively. 
(3 .10) 
(3.11) 
To satisfy the global equilibrium condit ion at the slipping zone, the additional forces 
at the deviators are obtained by incorporating Eq. (3 .8), Eq. (3 .10) and Eq. (3 .11) in a 
matrix form with consideration of Eq. (3.9) when it is necessary, and expressed as follows: 
B1 C1 0 0 0 0 
1 
D..Fadl D.. Fdvl - D.. Ffri 
A2 B2 C2 0 0 0 D..Fad2 D.. Fdv2 - D.. Fjr2 
Bi D.. Fadi D.. Fdvi - D.. Fjri 
j 0 0 0 An- 1 Bn- 1 Cn- 1 D..Fadn- 1 D.. Fdvn- 1 - D..Fjrn- 1 0 0 0 0 An En D..Fadn D..Fdvn - D..Fjrn 
[SJ { D.. Fad} = {T} (3 .12) 
Finally, t he additional forces, which cause a slip at the deviator, are defined as follows 
{ D.. Fad} = [sr1 {T} (3 .1 3) 
Once the additional force at each deviator is obtained by Eq. (3.13) the amount of 
tendon slip at each deviator based on the slipping direction, can be determined. The 
tendon slips from the right to the left-hand side of deviator with ki = l is calculated as 
follows 
, . _ D.. Fadi l · 
ug, - i 
ApsEps 
(3 .14) 
' The tendon slips from the left to the right-hand side of deviator wit h ki = 2 is calculated 
as follows 
(3.15) 
where Eps, Aps are the elastic modulus and the area of prestressing tendons; li, li+1 are 
the tendon lengths of segment (i) and (i + 1), respectively; ogi is the increment of tendon 
slip at deviator ( i) . 
Therefore, a possibility for the tendon slip at any deviator depends on t he inclined 
angle of tendon, the unbalanced force in t he tendon s_egments and the friction coefficient 
at the deviator . For every loading step, according to t he deformed shape of a beam, the 
inclined angle of tendon ~ill change . . As a result of the deformed shape of a beam, the 
change of tendon angle should be considered when t he tendon slip is being computed. It 
should be noted that the proposed equation for the tendon slip .is absolutely general, and it 
can be used to investigate any slip at a part icular deviator at the certain loading stage. In 
addition, the method is applied for the beams with any tendon configuration and number 
of deviators . 
2 1 4  
B u i  K h a c  D i e p  a n d  L a m  H u u  Q u a n g  
4 .  A C C U R A C Y  O F  P R O P O S E D  M E T H O D  
T o  _ v a l i d a t e  o f  t h e  p r o p o s e d  m e t h o d ,  a  c o m p u t e r  p r o g r a m  f o r  t h e  n o n l i n e a r  a n a l y s i s  o f  
e x t e r n a l l y  p r e s t r e s s e d  c o n c r e t e  b e a m s  h a d  b e e n  d e v e l o p e d  [ 7 ] .  I n  t h e  c o m p u t e r  p r o g r a m ,  
a  s t e p w i s e  f i n i t e  e l e m e n t  a n a l y s i s  t o g e t h e r  w i t h  t h e  d i s p l a c e m e n t  c o n t r o l  m e t h o d  h a s  b e e n  
u s e d  t o  t r a c e  t h e  n o n l i n e a r  r e s p o n s e  o f  p r e s t r e s s e d  c o n c r e t e  b e a m s  w i t h  e x t e r n a l  t e n d o n s .  
T h e  p r o g r a m  i s  c a p a b l e  o f  a c c o u n t i n g  n o t  o n l y  f o r  t h e  f l e x u r a l  d e f o r m a t i o n ,  b u t  a l s o  f o r  
t h e  s h e a r  d e f o r m a t i o n ,  f r i c t i o n  a t  t h e  d e v i a t o r s  a n d  d i f f e r e n t  c o n f i g u r a t i o n  o f  e x t e r n a l  
t e n d o n s  ( s t r a i g h t  o r  p o l y g o n a l  p r o f i l e ) .  I n  t h e  a n a l y s i s ,  t h e  b e a m  i s  r e p r e s e n t e d  b y  a  s e t  
o f  b e a m  e l e m e n t s  c o n n e c t e d  t o g e t h e r  b y  n o d e s  l o c a t e d  a t  e i t h e r  e n d .  E a c h  n o d e  h a s  t h r e e  
d e g r e e  o f  f r e e d o m ,  n a m e l y  h o r i z o n t a l  d i s p l a c e m e n t ,  v e r t i c a l  d i s p l a c e m e n t  a n d  r o t a t i o n .  
C r o s s  s e c t i o n  o f  t h e  b e a m  i s  d i v i d e d  i n t o  l a y e r s ,  i n  w h i c h  e a c h  l a y e r  m i g h t  h a v e  d i f f e r e n t  
m a t e r i a l s ,  b u t  i t s  p r o p e r t i e s  a r e  a s s u m e d  t o  b e  c o n s t a n t  o v e r  t h e  l a y e r  t h i c k n e s s .  B a s e d  
o n  t h e  e f f e c t i v e  s t r e s s  i n  t h e  e x t e r n a l  t e n d o n s ,  t h e  c o n c r e t e  s t r a i n  o f  e a c h  l a y e r  f o r  e v e r y  
b e a m  e l e m e n t  i s  d e t e r m i n e d ,  a n d  a p p e a r s  t o  t a k e  a s  t h e  i n i t i a l  c o n d i t i o n  o f  t h e  b e a m .  
I t  i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  p r o g r a m  a c c o u n t e d  f o r  t h e  m e m b e r - a n a l y s i s ,  i . e . ,  t h e  
d e f o r m a t i o n  o f  w h o l e  m e m b e r  w a s  t a k e n  i n t o  a c c o u n t .  
T o  e v a l u a t e  t h e  d e f o r m a t i o n  a n d  t h e  s t r e s s  i n  t h e  e x t e r n a l  t e n d o n s ,  t h e  g l o b a l  r e q u i r e -
m e n t s  o f  d e f o r m a t i o n  c o m p a t i b i l i t y  b e t w e e n  t h e  c o n c r e t e  a n d  t e n d o n s  a r e  r e q u i r e d .  F o r  
t h i s  p u r p o s e ,  i t  i s  a s s u m e d  t h a t  t h e  t o t a l  e l o n g a t i o n  o f  a  t e n d o n  m u s t  b e  e q u a l  t o  t h e  
i n t e g r a t e d  v a l u e  o f  c o n c r e t e  d e f o r m a t i o n  a t  t h e  t e n d o n  l e v e l .  S i n c e  t h e  p r e s t r e s s i n g  f o r c e  
i s  t r a n s f e r r e d  o n l y  t o  t h e  c o n c r e t e  b e a m  t h r o u g h  t h e  d e v i a t o r  p o i n t s  a n d  t h e  a n c h o r a g e  
e n d s ,  t h e  f r i c t i o n a l  r e s i s t a n c e  o b v i o u s l y  e x i s t s  a t  t h e  c o n t a c t e d  p o i n t s ,  r e s u l t i n g  i n  a  d i f -
f e r e n t  l e v e l  o f  s t r a i n  i n c r e a s e  b e t w e e n  t w o  s u c c e s s i v e  t e n d o n  s e g m e n t s .  T o  e q u i l i b r a t e  t h e  
t e n s i l e  f o r c e s  i n  t h e  t e n d o n  s e g m e n t s  a t  b o t h  s i d e s  o f  a  d e v i a t o r ,  t h e  f o r c e  e q u i l i b r i u m  
c o n d i t i o n  m u s t  b e  s a t i s f i e d ,  a n d  c a n  b e  e x p r e s s e d  i n  t e r m s  o f  E q .  ( 3 . 1 )  ( s e e  a l s o  i n  F i g .  1 ) .  
C o m b i n i n g  t h e  f o r c e  e q u i l i b r i u m  c o n d i t i o n  a t  t h e  d e v i a t o r  w i t h  t h e  g l o b a l  d e f o r m a t i o n  
c o m p a t i b i l i t y  b e t w e e n  t h e  e x t e r n a l  t e n d o n s  a n d  t h e  c o n c r e t e  b e a m ,  t h e  s t r a i n  v a r i a t i o n ,  
a n d  t h e  s t r e s s  i n  t h e  e x t e r n a l  t e n d o n s  c a n  b e  c o m p u t e d .  I n  t h e  o t h e r  w o r d s ,  b y  s u m m a -
t i o n  o f  t h e  s t r a i n  i n c r e m e n t  i n  e a c h  e l e m e n t  a l o n g  t h e  e n t i r e  l e n g t h  o f  t h e  b e a m ,  t h e  t o t a l  
c h a n g e  i n  s t r a i n ,  a n d  t h e  c h a n g e  i n  s t r e s s  i n  t h e  e x t e r n a l  t e n d o n s ,  c a n  b e  e v a l u a t e d .  S i n c e  
t h e  s t r a i n  v a r i a t i o n  i n  t h e  e x t e r n a l  t e n d o n s  d e p e n d s  m a i n l y  o n  t h e  o v e r a l l  d e f o r m a t i o n  o f  
t h e  b e a m  a n d  t h e  f r i c t i o n  a t  t h e  d e v i a t o r s ,  t h e  c h a n g e  o f  t h e  b e a m  d e f o r m a t i o n  d u e  t o  
t h e  a p p l i e d  l o a d  i s  i n  t h e  r e l a t i v e  c h a n g e  o f  t e n d o n  e l o n g a t i o n .  T h e  a d e q u a t e  e v a l u a t i o n  
o f  t e n d o n  s t r a i n  d e p e n d s  t h e  a c c u r a c y  o f  t h e  c a l c u l a t i o n  o f  c o n c r e t e  s t r a i n  a t  t h e  t e n d o n  
l e v e l .  T h e r e f o r e ,  t h e  c o n c r e t e  b e a m  s h o u l d  b e  n e c e s s a r i l y  d i v i d e d  i n t o  a  l a r g e  n u m b e r  o f  
s h o r t  e l e m e n t s  b y  u s i n g  f i n i t e  e l e m e n t  m e t h o d .  T h e  d e t a i l s  o f  c o m p u t i n g  m e t h o d  f o r  t h e  
s t r a i n  v a r i a t i o n  i n  t h e  e x t e r n a l  t e n d o n s  d u e  t o  t h e  a p p l i e d  l o a d  c a n  b e  r e f e r r e d  t o  t h e  
p r e v i o u s  s t u d y  [ 7 ] .  
I n  t h e  a n a l y s i s ,  t h e  s t r e s s - s t r a i n  c u r v e  f o r  t h e  c o n c r e t e  i n  c o m p r e s s i o n  i s  a s s u m e d  t o  
b e  a  p a r a b o l i c  a s c e n d i n g  b r a n c h  a n d  a  l i n e a r  d e s c e n d i n g  b r a n c h  a s  s h o w n  i n  F i g .  3 .  T h e  
s t r e s s - s t r a i n  c u r v e  i s  e x p r e s s e d  a s  f o l l o w s :  
[  
(  
)
2 ]  
1  
2 c c  E e  
J c  =  J c  - - - .  f o r  c c  <  c c o  
E c o  E c o  
( 4 . 1 )  
J c =  J~ - m 1  ( c c  - E c o )  f o r  E c o  < E e  <  E c u  
( 4 . 2 )  
)  
, -
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Fig . 3. Stress-strain relationship 
where f~ is t he compressive strength of concrete; Eco = 0.002 is the concrete strain at the 
peak stress; Ecu=0 .0035 is the concrete strain at ultimate; m1=0.8f~/ (c:cu-Eco) is the post 
peak slope controlling t he descending branch of concrete. A bilinear curve for the stress-
strain relationship of prestressing tendons is also presented in Fig. 3, in which Epy and Epu 
has a value of 0.008 and 0.035, respectively. 
To account for the frictional effects , the friction coefficients at deviators were assigned 
to be 0.15 in consideration of safety factors for all beams. Although this value might 
not be true in t he tested beams, it is, however, only adopted for the analytical purposes . 
In addition, t his value of friction coefficients had been also recommended on the basis of 
intensive investigation of frictional effects at deviators in beams prestressed with external 
tendons in the previous study [8] . 
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Fig. 4. Comparison with experimental results 
Using nonlinear computer program [7] together with the incorporation of proposed 
method for computing the tendon slip at deviators, a full behavior of externally prestressed 
concrete beams can be investigated with the emphasis on the effects of slip phenomenon 
at deviators in the entire loading range. In this study, the behavior of three beams [9] 
was computed, and predicted results were compared with the experimental observations, 
as shown in Fig. 4. It is clearly shown that the proposed method of analysis reproduced 
very accurately the experimental results in terms of both load vs . deflection, and load vs. 
increase of tendon stress responses over the entire loading range up to failure. Fig. 5 showed 
the results obtained from the numerical analysis in comparison with the experimental 
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a )  T e n d o n  s l i p  a t  t h e  r i g h t  d e v i a t o r  
b )  T e n d o n  s l i p  a t  t h e  l e f t  d e v i a t o r  
F i g .  5 .  C o m p a r i s o n  o f  t e n d o n  s l i p  w i t h  e x p e r i m e n t a l  r e s u l t s  
o b s e r v a t i o n  a t  b o t h  r i g h t  a n d  l e f t  d e v i a t o r s  i n  t e r m s  o f  l o a d - t e n d o n  s l i p  r e l a t i .o n s h i p .  I t  i s  
o b s e r v e d  f r o m  t h i s  f i g u r e  t h a t  t h e  p r o p o s e d  m e t h o d  f o r  t e n d o n  s l i p ,  w h i l e  c a p t u r i n g  t h e  
e x p e r i m e n t a l l y  o b s e r v e d  t r e n d  i n  t h e  d e v e l o p m e n t  o f  t e n d o n  s l i p  f o r  a l l  b e a m s ,  p r o v i d e d  
t h e  r e a s o n a b l y  g o o d  a g r e e m e n t  i n  p r e d i c t i o n  o f  t h e  t e n d o n  s l i p  a s  c o m p a r e d  w i t h  t h e  
e x p e r i m e n t a l  r e s u l t s .  I t  c a n  b e  s e e n  t h a t  t h e  n u m e r i c a l  a n a l y s i s  p r e d i c t e d  o v e r l y  t h e  
v a l u e s  o f  t e n d o n  s l i p  a t  b o t h  d e v i a t o r s  a s  c o m p a r e d  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  L a r g e r  
o v e r e s t i m a t e  o f  t e n d o n  s l i p  a t  t h e  l e f t  d e v i a t o r  w a s  f o u n d  a s  c o m p a r e d  w i t h  t h o s e  a t  t h e  
r i g h t  d e v i a t o r .  T h e  o v e r e s t i m a t e  i n  p r e d i c t i o n  o f  t h e  t e n d o n  s l i p  c a n  b e  e x p l a i n e d  t h a t  
i n  t h e  e x p e r i m e n t a l  o b s e r v a t i o n ,  a s  t h e  t e n d o n s  b e g a n  t o  s l i p ,  t h e  f r i c t i o n a l  r e s i s t a n c e  a t  
d e v i a t o r s  r e d u c e d ,  g r a d u a l l y .  F u r t h e r m o r e ,  t h e  f r i c t i o n  c o e f f i c i e n t  a t  d e v i a t o r s  r e d u c e d  
s i g n i f i c a n t l y  a s  t h e  a p p l i e d  l o a d  r e a c h e d  c l o s e l y  t o  t h e  u l t i m a t e  l o a d .  M e a n w h i l e ,  i n  t h e  
n u m e r i c a l  a n a l y s i s ,  t h e  f r i c t i o n  c o e f f i c i e n t  a t  d e v i a t o r s ,  f o r  t h e  s i m p l i f i e d  c a l c u l a t i o n ,  w a s  
k e p t  c o n s t a n t l y  d u r i n g  t h e  e n t i r e  l o a d i n g  r a n g e .  T h i s  m i g h t  l e a d  t o  t h e  o v e r e s t i m a t e  o f  
t e n d o n  s l i p  a t  d e v i a t o r s  a s  c o m p a r e d  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  I n  a d d i t i o n ,  t h e  t e n d o n  
s l i p  a t  d e v i a t o r s  i s  a  s o p h i s t i c a t e d  p h e n o m e n o n ,  a n d  i s  v e r y  s e n s i t i v e  t o  a n y  c h a n g e s  i n  t h e  
a p p l i e d  l o a d ,  t h e  t e n s i l e  f o r c e s  i n  t h e  e x t e r n a l  t e n d o n ,  t h e  b e a m  d e f l e c t i o n ,  t h e  f r i c t i o n a l  
r e s i s t a n c e  a t  d e v i a t o r s  a s  w e l l  a s  t h e  i n c l i n e d  a n g l e s  o f  e x t e r n a l  t e n d o n s ,  e s p e c i a l l y  a t  o r  
n e a r  b y  t h e  u l t i m a t e  s t a t e .  T h i s  c a n  b e e n  s e e n  i n  t h e  r e s u l t s  o f  n u m e r i c a l  a n a l y s i s  t h a t  
a l l  l o a d - t e n d o n  s l i p  r e s p o n s e s  e x h i b i t e d  r a t h e r  p l a t e a u s ,  i . e . ,  a  s m a l l  c h a n g e  i n  t h e  a p p l i e d  
l o a d  m a d e  a  g r e a t  c h a n g e  i n  t h e  t e n d o n  s l i p .  T h e r e f o r e ,  i t  i s  e x t r e m e l y  d i f f i c u l t  t o  g e t  " a n  
e x a c t  v a l u e "  o f  t e n d o n  s l i p  a t  t h e  d e v i a t o r s  a t  u l t i m a t e .  
C o n c e r n i n g  t h e  r e l a t i o n s  b e t w e e n  t h e  s t r e s s  i n  t h e  e x t e r n a l  t e n d o n s  a n d  t h e  s l i p  p h e -
n o m e n o n  a t  d e v i a t o r s ,  i t  i s  e v i d e n t l y  i n d i c a t e d  t h a t  i n  g e n e r a l  t h e  e x t e r n a l  t e n d o n s  d o  n o t  
s l i p  f r o m  z e r o - l o a d i n g  u n t i l  s o m e w h a t  l e v e l  o f  t h e  a p p l i e d  l o a d  ( a p p r o x i m a t e l y  5 0 r v 6 0 %  o f  
u l t i m a t e  l o a d  f o r  t h e  c a s e s  o f  s t u d y )  b e c a u s e  t h e  f r i c t i o n a l  r e s i s t a n c e  a t  d e v i a t o r s  i s  s t i l l  
b i g  e n o u g h  t o  p r e v e n t  t h e  s l i p  a t  d e v i a t o r s .  T h i s  r e s u l t e d  i n  t h e  d i f f e r e n t  e v o l u t i o n  i n  t h e  
s t r e s s  o f  e a c h  t e n d o n  s e g m e n t .  I n  t h e  o t h e r  w o r d ,  t h e  s t r e s s  i n c r e a s e  u n d e r  t h e  a p p l i e d  
l o a d  i n  e a c h  t e n d o n  s e g m e n t  i s  i n d e p e n d e n t  f r o m  e a c h  o t h e r  b e f o r e  s l i p p i n g .  O n  t h e  o t h e r  
h a n d ,  w h e n  t h e  s l i p p i n g  l o a d  h a s  b e e n  r e a c h e d ,  t e n d o n s  b e g a n  t o  s l i p .  A s  a  r e s u l t ,  t h e  
r e d i s t r i b u t i o n  o f  s t r e s s  b e t w e e n  t e n d o n  s e g m e n t s  o c c u r r e d  c o n t i n u o u s l y  u n t i l  n o  f u r t h e r  
s l i p p i n g  h a p p e n e d  a t  d e v i a t o r s .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  r a t e  o f i n c r e a s e  i n  t h e  t e n d o n  
s l i p  a t  d e v i a t o r s  w a s  h i g h e r  a s  t h e  y i e l d i n g  o f  n o n - p r e s t r e s s e d  r e i n f o r c e m e n t s  h a s  o c c u r r e d .  
'  
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The larger tendon slip is, the greater rate of redistribution in the stress between tendon 
segments becomes. This leads to a fairly uniform distribution of the stress in all tendon 
segments, especially at the ultimate load. Therefore , it is indicated that the increase in the 
t endon stress under the applied load has a close relationship with the slip phenomenon at 
deviators . Finally, through the examples presented in this study, it is able to estimate the 
influential level of tendon slip at deviators on the stress increase in the external tendons in 
part icular, as well as on the structural behavior of externally prestressed concrete beams 
in general. 
5. CONCLUSIONS 
This study performed tl).e numerical investigat ion on the slip phenomenon at deviators 
in beams prestressed with external tendons. To evaluate the loading-induced tendon slip 
at deviators, a computer-aided method of analysis was proposed, in which all possibilities 
of slip and main factors that affect the tendon slip were taken into account. The following 
aspects concerning t he slip phenomenon at deviators in beams prestressed with external 
tendons can be noted: 
(1) The tendon slip at a particular deviator will occur whenever the frictional resis-
tance at t hat deviator is naturally reduced and is lesser than that of the unbalanced 
forces between two successive tendon segments . As a result of the slippage, the 
stress distribution between .tendon segments is continuously transferred until the 
achievement of the force equivalent state at that deviator. 
(2) Due to t he significant increase in the t endon slip at or near by the peak load, the 
stress increase in all tendon segments seems to be faidy uniform, especially at the 
ultimate state. 
(3) The tendon slip is a rather complex phenomenon depending on many parameters, 
and is very sensitive to any change of the structure, material itself and the external 
factors like the applied load. 
It should be noted that the proposed method of analysis, while predicting very accu-
rately t he behavior of externally prestressed concrete beams in terms of load-deflection 
and load-tendon stress curves, provided quite good results in prediction of the tendon 
slip at deviators as compared with the experimental results. In addit ion, the computing 
procedure of tendon slip at deviators should be further improved in order to obtain better 
results . The evaluation of tendon .slip at deviators in beams prestressed with external 
tendons. 
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